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Disentangling individual- and population-level variation in migratory movements is
necessary for understanding migration at the species level. However, very few studies
have analyzed these patterns across large portions of species’ distributions. We
compiled a large telemetry dataset on the globally endangered Egyptian Vulture
Neophron percnopterus (94 individuals, 188 completed migratory journeys), tracked
across ∼70% of the species’ global range, to analyze spatial and temporal variability
of migratory movements within and among individuals and populations. We found high
migratory connectivity at large spatial scales (i.e., different subpopulations showed little
overlap in wintering areas), but very diffuse migratory connectivity within subpopulations,
with wintering ranges up to 4,000 km apart for birds breeding in the same region
and each subpopulation visiting up to 28 countries (44 in total). Additionally, Egyptian
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Vultures exhibited a high level of variability at the subpopulation level and flexibility at
the individual level in basic migration parameters. Subpopulations differed significantly in
travel distance and straightness of migratory movements, while differences in migration
speed and duration differed as much between seasons and among individuals within
subpopulations as between subpopulations. The total distances of the migrations
completed by individuals from the Balkans and Caucasus were up to twice as long and
less direct than those in Western Europe, and consequently were longer in duration,
despite faster migration speeds. These differences appear to be largely attributable to
more numerous and wider geographic barriers (water bodies) along the eastern flyway.
We also found that adult spring migrations to Western Europe and the Balkans were
longer and slower than fall migrations. We encourage further research to assess the
underlying mechanisms for these differences and the extent to which environmental
change could affect Egyptian Vulture movement ecology and population trends.
Keywords: migration connectivity, Neophron percnopterus, conservation biology, movement ecology, satellite
tracking, GPS, phenotypic plasticity
INTRODUCTION
Many migratory bird populations have undergone substantial
declines, mainly as a consequence of widespread expansion of
human infrastructures and activities, habitat alteration, direct
persecution, and climate change (Bauer et al., 2018). Migration
routes vary in habitat, landscape, and atmospheric characteristics,
as well as resource availability and the prevalence of threats,
all of which influence migratory behavior (Mandel et al.,
2011; Trierweiler et al., 2014) and survival rates (Strandberg
et al., 2010; Klaassen et al., 2014). Migratory birds provide
many valuable ecosystem services (Whelan et al., 2015), and
population reductions that are caused by detrimental effects
that occur anywhere along the flyway may have ecosystem
consequences across continents (Buechley et al., 2018b).
Disentangling individual- and population-level variation in
migratory movements is therefore essential to understand what
factors influence migrations and to predict how different species
and subpopulations might respond to environmental changes
(Trierweiler et al., 2014; Bauer et al., 2018).
To gain a more complete understanding of migratory systems
it is valuable to evaluate variation in migratory patterns within
and among individuals and subpopulations and to produce
continental-scale maps of flyways and migratory networks
(Trierweiler et al., 2014; Bauer et al., 2018). Two types of
migratory patterns are frequently used to compare migratory
populations: we refer to “migratory performance” as all metrics
relating to the timing, duration, distance and straightness of
all migratory journeys, and to “migratory connectivity” as the
metric that quantifies the spatial proximity at which individuals
migrating from the same breeding origin spend the non-breeding
season (Webster et al., 2002; Cohen et al., 2018). The study
of long-distance migration has benefitted from a rapid growth
in individual-based tracking data with increasing spatial and
temporal resolution, enabling more detailed investigation of
variability and flexibility of migratory movements (López-López,
2016). Large soaring birds have been the subjects of many
tracking studies, partly because their large size enabled the
attachment of transmitters since early technical development
(Shamoun-Baranes et al., 2003; Alarcón and Lambertucci, 2018;
Sergio et al., 2019). However, while migratory patterns have been
assessed for individuals from the same or proximate populations
(Sergio et al., 2014; Vardanis et al., 2016; Schlaich et al., 2017;
Vansteelant et al., 2017), and migratory connectivity has been
evaluated for some raptor species (Martell et al., 2014; Trierweiler
et al., 2014; Finch et al., 2017), relatively few studies have analyzed
these patterns across large portions of a species’ distribution
(Mandel et al., 2011; Dodge et al., 2014; Monti et al., 2018).
We compiled a large telemetry dataset on the EgyptianVulture
Neophron percnopterus to analyze spatial and temporal variability
of migratory movements within and among individuals and
subpopulations. The Egyptian Vulture is distributed across
southern Europe, central and southern Asia, theMiddle East, and
Africa, and is listed as globally Endangered due to significant
population declines caused by multiple anthropogenic threats
such as poisoning, and power infrastructure collisions and
electrocutions (Botha et al., 2017; BirdLife International, 2019;
Safford et al., 2019). The majority of individuals from northern
breeding populations are long-distance migrants that overwinter
in sub-Saharan Africa and the Arabian Peninsula, with juveniles
often remaining in the winter range for more than a year after
their first migration (López-López et al., 2014; Oppel et al.,
2015; Buechley et al., 2018b). Migratory Egyptian Vultures also
overwinter in regions where non-migratory breeding populations
occur (BirdLife International, 2019). As soaring migrants,
Egyptian Vultures rely on thermal and orographic lift (Agostini
et al., 2015), and so their migratory routes are largely shaped by
geographic features, particularly the avoidance of water crossings
(García-Ripollés et al., 2010; Buechley et al., 2018b). As a result,
individuals in Eastern Europe and Western Asia that migrate
along the Red Sea Flyway pass through up to four bottlenecks
in order to avoid water bodies (Buechley et al., 2018b), compared
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to individuals fromWestern Europe (e.g., France and the Iberian
Peninsula) which only cross one major bottleneck at the Strait
of Gibraltar (López-López et al., 2014). Although the migratory
performance from eastern (Buechley et al., 2018b) and western
populations (Meyburg et al., 2004; Vidal-Mateo et al., 2016) have
been investigated separately, there has never been a comparative
analysis of the migratory performance of Egyptian Vultures
across the majority of the species’ geographical range.
In this paper, we investigate migratory connectivity and
variation in individual migratory performance within and
among subpopulations from Western Europe, the Balkans, the
Middle East, and the Caucasus Region of Western Asia. We
examined (1) whether Egyptian Vultures exhibit strong or weak
migratory connectivity within and among subpopulations; and
(2) whethermigratory performance and variability differ between
subpopulations and season, while accounting for ontogenetic
improvements by comparing performance among age classes
(Sergio et al., 2014). Based on geography and the generalist
habitat preferences of Egyptian Vultures, we predicted that
migratory connectivity would be relatively low because while
Egyptian Vulture movements are constrained by bottlenecks
during migration, their winter distribution in the Sahel region
of Africa is less constrained by geographic barriers (Finch et al.,
2017). We further predicted that the distance and duration of
migrations would be greatest for the Balkans subpopulation
which has to negotiate several large water bodies, while it would
be shorter for the Middle Eastern, Caucasian and Western
European subpopulations, which only have to negotiate the
Red Sea or the Strait of Gibraltar, respectively. We predicted
better migratory performance and earlier spring departure in
adults compared to younger individuals, due to individual
improvements with increasing age (Sergio et al., 2017). Our
findings contribute to general migration ecology theory and
provide valuable comparisons for further investigations into why
Egyptian Vulture populations have declined more rapidly in
eastern Europe (Velevski et al., 2015) than in western Europe
(Garcia-Ripolles and Lopez-Lopez, 2006).
MATERIALS AND METHODS
Origins and Acquisition of Tracking Data
Between 2007 and 2018, 94 Egyptian Vultures were fitted
with transmitters in 11 different research projects (López-López
et al., 2014; Buechley et al., 2018b; Caucanas et al., 2018),
with deployments in Albania (2); Armenia (3); Bulgaria (23);
Djibouti (1); Ethiopia (2); France (3); Greece (9); Israel (3);
North Macedonia (3); Portugal (5); Russia (4); Spain (26); and
Turkey (10). The ranges of tagged individuals extended across
>4,000 longitudinal kilometers from the Iberian Peninsula in
western Europe to the Caucasus Region in western Asia, and
∼4,000 latitudinal kilometers from southern Europe to sub-
Saharan Africa. This range covers ∼70% of the species’ current
global distribution and almost the entire wintering range in
Sub-Saharan Africa. We classified four distinct subpopulations
based on geographically distinct breeding ranges separated by
long distances that inhibit demographic exchanges between
subpopulations (Lieury et al., 2015): Western Europe (including
birds summering in Portugal, Spain, and southern France);
Balkans (Albania, Bulgaria, Greece and North Macedonia);
Middle East (Israel); and Caucasus (northeastern Turkey,
Armenia, Georgia, Azerbaijan, northwestern Iran, and Dagestan
Province of Russia). All transmitters weighed 24–45 g, <3% of
body mass, which is below the recommended limits to avoid
adverse effects; (Bodey et al., 2018) and were attached using
backpack or leg-loop harness systems (Mallory and Gilbert, 2008;
Sergio et al., 2015). GPS fixes and associated data were acquired
at temporal resolutions ranging from one location per minute
to one location every 2 h with dormancy periods during night,
and with GPS positional accuracy of ±18m. Individuals’ age
at deployment and age at the start of each separate migration
were estimated in calendar years, based on known plumage traits
of different age classes, with juveniles classed as in the first
calendar year, immatures as second to fifth calendar year and
adults classed as sixth calendar year or older (Clark and Schmitt,
1998). Four wild-origin adults from the Balkans (n= 2), Western
Europe (n = 1), and Middle East (n = 1) subpopulations were
released with transmitters after short periods of rehabilitation
(Supplementary Table 2), but these individuals did not behave
unusually compared to other individuals in their subpopulations.
Capture and tagging procedures were carried out in accordance
with the recommendations and regulations of each country
of deployment.
Data Processing and Delineation of
Migration Periods
Tracking data from each project were uploaded to the online
repository movebank.org (Wikelski and Kays, 2019). Erroneous
GPS fixes were removed using general purpose data filters
(Douglas et al., 2012), with maximum plausible average speed set
to 25 ms−1 and the error radius set to 30m. To standardize the
temporal resolution of the data, we censored the data to include
only the first location from each individual every day. For each
individual and season (fall, spring), net squared displacement
(NSD) was calculated using the adehabitatLT package (Calenge,
2006) in R statistical software (R Core Team, 2018). Plots of NSD
over time for each individual and season were visually inspected
to censor data from any seasons where an individual did not
migrate (i.e., juveniles and immatures that stayed in Africa) or
where amigrationwas not completed (Bunnefeld et al., 2011).We
then calculated start and end dates of each individual migration
by fitting non-linear models to plots of NSD over time, using
the “disperser” model in the migrateR package (Bunnefeld et al.,
2011; Spitz et al., 2017; Buechley et al., 2018b). These estimates
were visually verified and manually refined. We identified the
point at which an individual first initiated a migration as the
first point at which NSD continuously increased away from
the summer or winter range (Figure S1). We defined the end
of migration as the first point at which NSD values plateaued
upon reaching the winter or summer range (López-López et al.,
2014; Buechley et al., 2018b). For all further analyses, only
data from completed migration trajectories were used. The final
dataset after processing consisted of 188 complete migrations
(71 spring, 117 fall; Figure 1) by 60 individuals (24 tagged as
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FIGURE 1 | Tracks of all 188 completed migrations of 60 individual Egyptian Vultures in both spring (n = 71) and fall (n = 117).
juveniles, 8 tagged as immatures and 28 tagged as adults). Of
the completed migrations, 24 were completed by juveniles, 36
by immatures and 128 by adults, with the age at subsequent
migrations adjusted according to the age at deployment (Table 1;
Supplementary Tables 1, 2).
Migratory Connectivity
Migratory connectivity was quantified following methods
described by Trierweiler et al. (2014), whereby the summer
and winter range longitudes, identified as the first and last
point of the first migration trajectory of each individual, were
tested for correlations to assess for connectivity between and
among subpopulations. Because the wintering range of Egyptian
Vultures extends across most of the African Sahel, we did
not use estimates of migratory connectivity that require the
a priori definition of discrete geographic areas (Cohen et al.,
2018). Instead, the strength of migratory connectivity was
assessed using Mantel tests as described by Ambrosini et al.
(2009) using the ade4 package (Dray and Dufour, 2007) in R
statistical software (R Core Team, 2018), in which the statistical
significance of the Mantel correlation coefficient was determined
by 9,999 random permutations (Trierweiler et al., 2014).
Mantel correlation coefficients correspond to simple Pearson
product moment correlation coefficients between pairwise inter-
individual distance matrices constructed between start and end
points of individual migrations (Ambrosini et al., 2009). Values
range from −1 to 1, with higher values indicating higher
migratory connectivity (i.e., low levels of overlap in winter ranges
of individuals from different subpopulations). These analyses
were performed separately for spring and fall migrations, across
all individuals and within each subpopulation. Fall and spring
connectivity were analyzed separately because, in contrast to
most small landbird species for which connectivity tends to
be analyzed using single winter range locations (McKinnon
and Love, 2018), Egyptian Vultures often move extensively in
winter (López-López et al., 2014). In addition, many of the birds
tracked in this study were young birds that dispersed widely
in breeding and non-breeding areas, and migrations therefore
did not originate from the same location where the previous
migration of the same individual terminated.
Individual-Level Migration Parameters
Migration parameters were extracted for all complete migration
trajectories using the amt package (Signer et al., 2019), following
procedures previously described by Abrahms et al. (2017) and
Buechley et al. (2018b): start and end dates (calendar and
Julian days); start and end latitudes and longitudes; migration
duration (days); direct distance (Euclidean) between start and
end points (km); cumulative distance (Euclidean) between start
and end points, calculated as the sum of distances between
each location in a migration (km); migration straightness (direct
distance/cumulative distance); and migration speed (cumulative
distance/migration duration). We further summarized the above
migrations by subpopulation (Western Europe, Balkans, Middle
East, Caucasus), age class (juvenile, immature, adult), and
season (spring, fall).
Migratory Flexibility and Repeatability
A Generalized Linear Mixed Model (GLMM) approach was
used to examine which factors accounted for the most
variability in migration parameters. We used the migration
parameters described above as dependent variables, and entered
subpopulation (Western Europe; Balkans; or Caucasus), season
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TABLE 1 | Median and range of migration parameters by season, age class at start of migration (Juv. = hatch year; Imm. = 2nd−5th calendar year; Ad. = 6th calendar year and older) and subpopulation.
Western Europe Balkans Caucasus
Migration parameter Age Fall Spring Fall Spring Fall Spring
Number of completed
migrations (n)
Juv. 11 0 9 0 2 0
Imm. 5 3 4 7 11 6
Ad. 38 29 17 13 17 13
Start date Juv. 09-Sep (13-Aug−09-Oct) - 12-Sep (07-Sep−22-Sep) - 21-Sep (17-Sep−25-Sep) -
Imm. 15-Sep (02-Sep−23-Sep) 20-Mar (19-Mar−03-Apr) 19-Aug (31-Jul−28-Aug) 30-Apr (19-Mar−05-May) 09-Sep (11-Sep−30-Oct) 18-Apr (16-Mar−29-May)
Ad. 08-Sep (20-Jul−27-Sep) 26-Feb (04-Feb−10-Mar) 11-Sep (12-Aug−26-Sep) 08-Mar (02-Jan−07-Apr) 18-Sep (31-Jul−07-Oct) 22-Mar (29-Jan−15-Apr)
End date Juv. 09-Oct (17-Sep−22-Nov) - 16-Oct (27-Sep−13-Nov) - 12-Oct (04-Oct−20-Oct) -
Imm. 30-Sep (23-Sep−14-Oct) 19-Apr (02-Apr−06-May) 30-Sep (27-Sep−19-Oct) 01-Jun (11-May−27-Jun) 29-Sep (11-Sep−30-Oct) 12-Jun (11-May−20-Jun)
Ad. 22-Sep (15-Aug−17-Oct) 17-Mar (26-Feb−07-Apr) 02-Oct (05-Sep−16-Oct) 06-Apr (18-Mar−01-May) 04-Oct (17-Sep−04-Nov) 10-Apr (23-Mar−30-Apr)
Duration (days) Juv. 34 (14–77) - 27 (18–60) - 20 (16–25) -
Imm. 20 (15–21) 16 (13–48) 48 (35–64) 45 (15–58) 19 (12–41) 28 (21–83)
Ad. 14 (9–26) 21 (13–33) 21 (11–65) 31 (18–90) 18 (12–61) 18 (15–67)
Direct distance (km) Juv. 3,021 (2,641–3,370) - 3,404 (3,237–4,136) - 3,424 (2,789–4,058) -
Imm. 2,793 (2,736–3,030) 2,871 (2,537–3,029) 4,056 (3,345–4,584) 3,829 (3,582–3,936) 4,012 (3,595–5,452) 4,177 (3,406–4,910)
Ad. 2,730 (2,267–3,368) 2,819 (2,472–3,333) 3,303 (2,948–5,093) 3,547 (3,219–4,981) 4,150 (3,728–5,062) 4,021 (3,723–5,041)
Cumulative distance (km) Juv. 3,792 (3,129–4,724) - 5,281 (4,147–6,856) - 3,830 (2,986–4,675) -
Imm. 3,091 (2,995–3,264) 3,700 (2,820–5,679) 7,017 (5,649–7,713) 7,050 (4,964–8,279) 4,552 (4,064–6,575) 6,210 (4,606–10,983)
Ad. 3,097 (2,415–3,779) 3,265 (2,846–4,657) 5,404 (4,479–7,213) 5,911 (4,848–7,225) 4,611 (4,042–6,217) 5,177 (4,351–5,553)
Speed (km d−1) Juv. 113 (61–250) 183 (105–251) 187 (187–187) -
Imm. 155 (147–210) 217 (118–231) 138 (121–183) 184 (133–331) 241 (129–364) 190 (78–266)
Ad. 217 (144–321) 161 (117–242) 269 (111–407) 198 (80–286) 286 (85–384) 273 (73–327)
Straightness Juv. 0.790 (0.694–0.952) - 0.645 (0.528–0.819) - 0.901 (0.868−0.934) -
Imm. 0.926 (0.897–0.933) 0.819 (0.506–0.900) 0.624 (0.438–0.692) 0.508 (0.444–0.793) 0.847 (0.791–0.969) 0.709 (0.383–0.778)
Ad. 0.905 (0.772–0.982) 0.875 (0.642–0.945) 0.631 (0.528–0.925) 0.591 (0.469–0.899) 0.924 (0.600–0.977) 0.840 (0.706–0.941)
Migration start and end are the days on which migration initiated and concluded. Direct distance (km) is the Euclidean distance between summer and winter ranges, while cumulative distance is the sum of distances between each
successive point in the migration trajectory. Migration duration (days) is the number of days spent on migration, and migration speed (km d−1) is the cumulative migration distance divided by the migration duration. Straightness is the
ratio between the direct and cumulative distance. Only parameters from complete migration trajectories were included.
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(spring or fall) and age at migration (in calendar years as a six-
level factor) as fixed effects, and individual nested within year of
migration as random intercept to account for non-independence
in migration parameters within years and individuals. Overall,
we evaluated eight different candidate models for each migration
parameter: a null model and seven models including the
three fixed effects and all potential additive combinations as
independent predictors. We did not include the three individuals
from the Middle East subpopulation in the comparative analysis
of migration parameters among subpopulations because the
small sample size prevented meaningful comparisons.
GLMMs were fitted with Gaussian distribution and identity
link using the lme4 package in R (Bates et al., 2015), and
we considered the model with the lowest Akaike Information
Criterion (AIC) as the most parsimonious and present parameter
estimates from that model. Two of the migration parameters
(direct distance and cumulative distance) were log transformed
to meet the assumptions of GLMMs (Zuur et al., 2009). Models
were compared using the maximum likelihood estimation and
were validated by checking for homoscedasticity and normality
of the residuals. To that end, relevant model diagnostic graphs
were computed (residuals against fitted values, residuals against
each explanatory variable, histogram of residuals and normality
Q-Q plots). We computedmarginal and conditional R2 following
Nakagawa and Schielzeth (2013) using the piecewiseSEM R
package (Lefcheck, 2016) to assess the overall explanatory
power of the model (i.e., for fixed and random effects
separately). All computations were performed in R version 3.5.1
(R Core Team, 2018).
To quantify the variation in migration parameters among
populations, we estimated repeatability of migration parameters
as an estimate of the fraction of total variance (sum of between-
and within-population variation) that scales from 0 to 1, with
0 indicating that all the variance is within a population, and
1 indicating that all the variance is between populations (Bell
et al., 2009; Nakagawa and Schielzeth, 2010). Repeatability was
estimated with the R package rptR (Stoffel et al., 2017), using
the fixed factors supported by the above GLMM analysis to
account for seasonal or age variation in the data. We concluded
that there was significant repeatability of migration parameters
within subpopulations if 95% confidence intervals of repeatability
estimates did not overlap zero.
Additionally, we calculated the width of the migration
corridor for each subpopulation in order to provide a
measure of route flexibility (López-López et al., 2014). The
width of the migration corridor was measured by computing
the linear distance of the maximum longitudinal separation
(i.e., East-West) of individual tracks at 5◦ latitude intervals
from 15◦N to 40◦N, encompassing the full latitudinal range
cover by both fall and spring migrations. The width of
migration corridors was computed for the complete dataset
of migration tracks and also for spring and fall seasons,
separately. Computations were done in ArcMap 10.0 (ESRI,
2014) using the World Latitude and Longitude 1 × 1
degree Grid (available at https://www.arcgis.com/home/item.
html?id=f11bcdc5d484400fa926dcce68de3df7). We compared
the width of the migration corridors between seasons and
subpopulations using a Mann Whitney and a Kruskal-Wallis
test, respectively.
RESULTS
Migratory Connectivity
There was high correlation between summer and winter
longitudes and high Mantel test scores (>0.88) across all
individuals, indicating very high migratory connectivity at
the species level (Table 2; Figure 2). However, within each
subpopulation, insignificant correlations and negative Mantel
scores indicated very low migratory connectivity. The Balkans
subpopulation exhibited the widest range of winter longitudes,
overlapping with Middle East and Caucasus subpopulations.
Migration routes entered 44 different countries, with the Balkan
subpopulation entering the most (28 countries), followed by
Caucasus (20), Western Europe (12) and Middle East (6;
Figure 1). Complete fall migrations finished in four countries
for the Balkans (Chad = 16/30; Ethiopia = 7/30; Sudan = 5/30;
Yemen = 2/30 migrations) and Western Europe (Mauritania
= 39/54; Mali = 11/54; Senegal = 3/54; The Gambia = 1/54
migrations), with Caucasus fall migrations mainly finishing in
Ethiopia (23/30 migrations) and the three fall migrations from
the Middle East ending in Chad (1) and Sudan (2), with spring
departures following similar patterns (Figure 2).
Individual-Level Migration Parameters
The Balkan subpopulation migrations were the least straight
and longest in terms of duration and total cumulative distance,
whereas those completed by individuals from the Caucasus
subpopulation were longest in terms of direct distance (Table 1;
Figure 3). Migrations completed by individuals from Western
Europe were the straightest and shortest (Table 1; Figure 3).
Spring migrations were longest in duration for adults from the
Balkans subpopulation, and started later for both the Balkans
(median start date for adults = 8th March; median duration
for adults = 31 days) and Caucasus (median start date for
adults = 22nd March; median duration for adults = 18 days)
subpopulations, compared toWestern Europe (median start date
for adults = 26th February; median duration for adults = 21
days Table 1; Figure 3). Fall migrations started on similar dates
(between 20th July and 9th October) among subpopulations,
but lasted, on average, 6 and 8 days longer for individuals
from the Balkans compared to those from the Caucasus and
Western Europe, respectively. Migration speeds were fastest for
the Caucasus, then Balkans, with individuals from Western
Europe migrating more slowly. Adults from all subpopulations
migrated slower in spring than fall, covering on average 71, 13,
or 56 km less per day when migrating to the Balkans, Caucasus,
or Western Europe, respectively (Table 1; Figure 3). Exploratory
analyses confirmed that multi-day stopovers occurred very rarely
among all subpopulations (López-López et al., 2014; Buechley
et al., 2018b).
At the subpopulation level, adults from Western Europe
demonstrated higher migration efficiency than juveniles,
traveling faster along straighter and shorter (in distance and
duration) migration routes. In the Balkans, straightness of
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TABLE 2 | Mantel correlation coefficients of migratory connectivity and R-squared correlation coefficients between longitudes of migration start and end locations from
the first completed migration of each individual in each season.
Dataset Season Number of migrations Mantel value Mantel p-value Correlation equation Correlation (R2) Correlation p-value
Full study Fall 60 0.9072 0.0001 y = 1.0486x−5.08197 0.9173 <0.0001
Full study Spring 31 0.894 0.0001 y = 1.072x−5.6511 0.9058 <0.0001
Western Europe Fall 28 −0.0245 0.5488 y = −0.1019x−10.1406 −0.0343 0.748
Western Europe Spring 14 −0.3086 0.9989 y = 0.0733x−2.0584 −0.0816 0.892
Balkans Fall 14 −0.1889 0.8786 y = 1.159x−5.180 −0.0318 0.454
Balkans Spring 9 −0.2521 0.9717 y = −0.0132x + 27.8943 −0.1407 0.912
Caucasus Fall 15 0.1904 0.1509 y = −0.1723x + 49.7480 −0.0424 0.523
Caucasus Spring 8 0.0569 0.3409 y = −0.7142x + 73.1151 −0.0511 0.4477
Middle East Fall 3 −0.4706 0.4985 y = −17.8200x + 661.0900 −0.6312 0.717
Middle East Spring 0 NA NA NA NA NA
FIGURE 2 | Start and end locations of the first complete spring and fall migrations of 60 individual Egyptian Vultures used to assess migratory connectivity within and
among four subpopulations.
migration routes did not differ among age classes, but adults
migrated more quickly (Table 1; Figure 3). Adults from the
Caucasus subpopulation appeared to travel faster and longer
distances than juveniles in fall, but this comparison lacked
power because of the small sample size of complete juvenile
migrations (Table 1; Figure 3). Immature individuals from all
subpopulations started spring migration later than adults, with
the greatest difference observed in the Balkan subpopulation
(difference between adult and immature median start date =
53 days; Table 1; Figure 3). Although fall departure dates were
similar among age classes in Western Europe and the Caucasus,
immatures departed earlier than adults and juveniles in the
Balkans. Overall, adults and immatures tended to complete fall
migration earlier than juveniles across all subpopulations.
The two fall migrations completed by juveniles from the
Middle East subpopulation were comparable to juvenile fall
migrations in Western Europe in terms of cumulative distance
[median (min-max) = 3297 (2,987–3,607) km] and straightness
[0.809 (0.731–0.887)], but were faster [speed = 200 (150–
249) km d−1] and shorter in duration [18 (12–24) days)] and
direct distance (2,642 (2,635–2,649) km]. The fall migration
parameters for the single adult individual from the Middle
East were similar to the two juveniles (cumulative distance
= 3,600 km; direct distance = 2,999 km; straightness = 0.83).
The fall departure dates for the three Middle East migrations
were similar to the other subpopulations (30th August (29th
August−19th September).
Migratory Flexibility and Repeatability
The most parsimonious models for all migratory parameters
included subpopulation as a factor, indicating that there were
differences among these geographic subpopulations in migration
distance, straightness, duration, start and end dates, and
migration speed (Supplementary Table 3). Start and end dates,
duration and speed also varied among seasons and age groups
(Table 3). Cumulative distance and straightness values only
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FIGURE 3 | Boxplots showing median and inter-quartile range of Egyptian Vulture migration parameters by season, age class (Juv. = hatch year; Imm. = 2nd−5th
calendar year; Ad. = 6th calendar year and older), and subpopulation. (A) Direct distance is the distance between summer and winter ranges; (B) cumulative distance
is the summed distances between each successive point in the migration trajectory; (C) migration speed (km d−1) is the cumulative migration distance divided by the
migration duration; (D) straightness is the ratio between the direct and cumulative distance; migration start (E,G) and end (F,H) are the days on which migration
initiated and concluded; and (I) migration duration is the number of days spent on migration. Orange and green bars indicate fall and spring migrations, respectively.
Only parameters from complete migration trajectories were included (refer to Supplementary Table 1 for sample sizes).
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varied among subpopulations and seasons. While the models
for start and end dates, cumulative distance and direct distance
explained most (>80%) of the variability in the data, variation
in speed and travel duration was poorly captured (<60%) by our
three predictor variables (Table 3).
There was high repeatability (r > 0.5; Table 3) within
subpopulations in the three route-related migration parameters,
cumulative travel distance, direct distance, and straightness.
This confirmed that there was more variation in these
parameters between than within each subpopulation. We
found no significant repeatability for duration (r = 0.120;
95% CI = 0–0.356; Table 3) or speed (r = 0.270; 95% CI
= 0–0.603), indicating that there is large variability within
each subpopulation.
The mean width of seasonal migration corridors for each
subpopulation between 15◦N and 40◦N ranged from 802 ±
598 km at 35◦N to 1,429 ± 1,041 km at 20◦N. The maximum
East-West separation of individual routes was recorded between
15◦ and 25◦N, both in autumn and spring migrations (Table 4),
which approximately coincides with the latitudes of the Sahara
and Arabian Deserts. Significant differences in the width
of migration corridors were observed among subpopulations
(Kruskal-Wallis test: H2,36 = 13.84, p < 0.001), with the
Balkan subpopulation exhibiting an average migration corridor
width 2.59 and 4.39 times larger than Western Europe and
Caucasus subpopulations, respectively (mean ± SD corridor
width for Balkans = 1,970 ± 859 km; Western Europe =
818 ± 446 km; Caucasus = 611 ± 287 km). No significant
differences in the width of migration corridors were observed
between seasons when data from different latitudes were pooled
together (Mann-Whitney test: U = 164.00, Z = 0.363, p =
0.732). However, for the Western Europe subpopulation, the
fall migration corridors at 15◦N and 20◦N (i.e., the Sahel and
southern Sahara) were 1.68 and 2.02 times wider, respectively,
than the springmigration corridors at the same latitudes, whereas
the opposite was observed for the Caucasus subpopulation, with
the spring migration corridors being>4 times larger than the fall
migration corridors at those latitudes (Table 4). For the Balkans
subpopulation, the much wider fall migration corridors at 35◦N
and 40◦N were due to the single journeys of extreme easterly and
westerly routes by a juvenile and an immature. Similarly, the wide
spring migration corridor for theWestern Europe subpopulation
at 35◦N (i.e., south of the Mediterranean) was due to eastwards
movements of a single immature individual, with similar widths
recorded in fall (104 km) compared to spring (154 km) when that
outlier was removed.
DISCUSSION
Several studies have described themigration of Egyptian Vultures
along the western European-West African flyway (García-
Ripollés et al., 2010; López-López et al., 2014) and along the
Eurasian-East African flyway (Oppel et al., 2015; Buechley
et al., 2018a,b). Our synthesis highlights that there is very little
overlap in the wintering destinations between the western and
eastern subpopulations of Egyptian Vultures in Europe, but
that individuals from the Balkans, the Middle East and Central
Asia often converge around the Horn of Africa, where major
concentrations occur during migration (Welch andWelch, 1988;
Buechley et al., 2018b) and in winter (Arkumarev et al., 2014).
The different destinations and routes of the subpopulations
also result in substantial differences in distance and duration
of migrations, with birds from the Balkans performing the
most convoluted and longest migrations, which can be twice
as long as the relatively straight migratory routes of birds from
Western Europe.
The results suggest that the key reason for the different
migration distances is the presence of water barriers, which
soaring raptors are generally reluctant to cross due to limited
thermal uplift (Panuccio et al., 2012; Agostini et al., 2015). While
the western population can cross the relatively short Strait of
Gibraltar (Martín et al., 2016), birds from the Balkans tend
to detour around the Mediterranean and the Red Sea (Oppel
et al., 2015; Buechley et al., 2018b). Once these barriers have
been negotiated, individuals may spread out, or travel along
coastlines, depending on the geography and direction of travel.
However, a more comprehensive assessment of the effects of
other environmental conditions, such as wind (Vansteelant et al.,
2017), thermal uplift (Duriez et al., 2018; Rotics et al., 2018)
and human development (Tucker et al., 2018) is required to
investigate the relative importance of these different factors in
shaping migration routes for the different subpopulations.
Migratory Connectivity
We found a weak and insignificant Mantel correlation within
subpopulations, indicating weak migratory connectivity at the
subpopulation scale, as reported by Finch et al. (2017). However,
we show that connectivity is relatively strong at the continental
scale, with no overlap between the western and two eastern
subpopulations during winter in Africa, and only moderate
overlap in the Horn of Africa between the Balkan and Caucasian
subpopulations (Trierweiler et al., 2014). High connectivity is
uncommon for species with large non-breeding range spread
(Finch et al., 2017), but our results indicate that even very
widespread species such as the Egyptian Vulture can have
reasonably strong migratory connectivity at large spatial scales
(Trierweiler et al., 2014). Therefore, our results highlight that
migratory connectivity is dependent on the spatial scale of
analysis and that caution is required when assessing and
interpreting connectivity for widespread species if comparisons
are based on individuals from a relatively small or spatially biased
portion of the species’ range (Trierweiler et al., 2014; Finch et al.,
2017; Cohen et al., 2018).
The population spread of wintering areas was greatest for
the Balkan subpopulation, despite being the smallest of the
subpopulations studied here (Velevski et al., 2015). The larger
non-breeding range spread of the Balkan population may be
caused by vultures bypassing the Mediterranean Sea on the
eastern border and then bifurcating around the Red Sea,
with some individuals continuing south through the Arabian
Peninsula, while others traveled southwest via Egypt and across
the Sahara. Conversely, both the Western Europe and Caucasus
subpopulations are only constrained by bottlenecks at the
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TABLE 3 | Generalized Linear Mixed Model (GLMMs) results of the most parsimonious models fitted for migration parameters of Egyptian Vultures tracked by GPS
telemetry across three continents. AICw indicates the weight of evidence for this model among eight candidate models.
Dependent variable Fixed effect(s) AICw R
2 fixed effects R2 random effects Repeatability
Direct distance Subpopulation 0.986 0.698 0.233 0.742 (0.032–0.914)
Cumulative distance Subpopulation season 0.984 0.725 0.097 0.709 (0.034–0.899)
Straightness Subpopulation season 0.998 0.460 0.245 0.547 (0.016–0.832)
Duration Subpopulation season age 0.999 0.265 0.252 0.120 (0.000–0.356)
Start date Subpopulation season age 1.000 0.963 0.000 0.140 (0.000–0.392)
End date Subpopulation season age 1.000 0.965 0.000 0.238 (0.000–0.567)
Speed Subpopulation season age 1.000 0.333 0.177 0.270 (0.000–0.603)
Repeatability of migration parameters is an estimate of the fraction of total variance (sum of between- and within-population variation) that scales from 0–1, with 0 indicating that all the
variance is within a population, and 1 indicating that all the variance is between populations.
TABLE 4 | Width (km) of the migration corridor at 5◦ latitude intervals for 60 Egyptian Vultures tracked by GPS telemetry across three continents.
Full study Western Europe Balkans Caucasus
Latitude Total Fall Spring Total Fall Spring Total Fall Spring Total Fall Spring
40 4,652 4,652 4,020 532 532 391 2,176 2,176* 765* 662 584 NA
35 5,087 4,882 5,087 766 104* 766* 1,795 1,795* 282* 1,075 870 995
30 5,218 5,218 4,812 767 767 591 2,151 1,628 1,667 1,266 819 871
25 5,776 5,532 5,510 1,546 1,296 1,149 2,372 1,890 2,083 934 577 662
20 6,033 6,022 6,002 1,784 1,784* 881* 2,784 2,784 2,354 626 143* 626*
15 6,453 6,453 5,810 1,225 979* 582* 3,352 3,342 2,874 495 110* 460*
10 2,466 369 2,423 NA NA NA 2,387 NA 2,302 369 369 230
Asterisks (*) indicate where spring and fall migration routes differed by at least a factor of two, indicating that either spring or fall migration is much more constrained.
Strait of Gibraltar and the Bab-el-Mandeb Strait, near their
breeding and wintering ranges, respectively, which may reduce
the range spread of these subpopulations. Longer migration
distance and greater migratory spread have been associated with
population declines of species that migrate using the Afro-
Palearctic flyway, possibly as a result of uneven distribution of
anthropogenic threats associated with uneven human population
growth and development (Patchett et al., 2018). Although further
work is required to assess variability in mortality patterns
and demographic effects among the different subpopulations,
the longer migrations and greater migratory spread for the
Balkans subpopulation could partially explain faster declining
populations compared to the other subpopulations (Velevski
et al., 2015).
Migratory Flexibility
We found relatively high repeatability within subpopulations
for distance and for straightness of travel, but much lower
repeatability for duration and speed. The variation in duration
and speed may be the result of varying environmental conditions
and stopover use during each migratory journey (Vansteelant
et al., 2015; Kölzsch et al., 2016; Vardanis et al., 2016; Monti
et al., 2018) and, although multi-day stopovers are rare in
Egyptian Vultures (López-López et al., 2014; Buechley et al.,
2018b), further detailed investigation of both aspects is required.
Greater speed during spring migration than fall migration has
been hypothesized to be the result of a heightened drive to
arrive on breeding grounds, and has been recorded in many
species of soaring migrants (Alerstam, 2003; Nilsson et al., 2013).
Greater migration speed in spring can also be a consequence of
greater wind assistance (Bauchinger and Klaassen, 2005; Kemp
et al., 2010), although fitness costs of early arrival due to less
favorable atmospheric conditions during migration have been
recorded in some species (Rotics et al., 2018). However, just
as for other species (Schmaljohann, 2018), our data suggest
that adult Egyptian Vultures migrate faster in fall than spring,
although this effect was less pronounced for the Caucasus
subpopulation. However, the spring migration of birds from the
Caucasus subpopulation was slightly longer in both duration
and distance, as most birds migrated to the west of the Red
Sea in spring and therefore traveled farther compared to fall
migration east of the Red Sea (Buechley et al., 2018b), explaining
the wider spring migration corridor at those latitudes and
emphasizing the importance of water barriers in shaping the
migratory movements for the species. In contrast, the spring
migration corridor between the Sahel and Sahara for the
Western Europe subpopulation was half the width of the fall
corridor at the same latitudes, likely due to the selection of
more westerly migration routes in response to wind conditions
(Vidal-Mateo et al., 2016). There is ongoing debate about the
relative importance of innate motivation and external factors
(e.g., wind) in causing seasonal differences in migration speed
(Lindström et al., 2019). Although we found marked differences
in route choice between seasons, but inconsistent differences
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in performance, much more work is needed to determine how
various innate and external factors contribute to the development
of seasonal and population specific migration patterns, not only
for Egyptian Vultures but all migratory species (Schmaljohann,
2018). Similar to other raptors, we also found some age-related
differences in migration distance, duration, speed and timing
(Sergio et al., 2014), with adults traveling faster along shorter
routes, and departing earlier in spring, than younger birds
(Monti et al., 2018), although the patterns were not consistent
in all subpopulations. While our dataset did not allow a full
assessment of changes in individual migratory performance
with age (sensu Sergio et al., 2014), our findings are consistent
with expectations that individual raptors must improve their
migratory performance in early life to eventually be recruited into
the breeding population (Sergio et al., 2017).
Although further work is required to assess the effects of
environmental factors on migratory movements of Egyptian
Vultures, the variability within and among each subpopulation
indicates that they could potentially respond to short term
changes in environmental conditions along their flyway which
could eventually affect migration phenology (Both, 2010;
Klaassen et al., 2014). However, the migration corridor for
all subpopulations was widest over the Sahara desert, where
conditions for soaring migrants may be harsh during extreme
weather conditions (Strandberg et al., 2010; Vansteelant et al.,
2017). Although juveniles and immature individuals may be
particularly vulnerable during Sahara crossings, adults also
demonstrate aberrant behaviors there, sometimes resulting in
carry-over effects on breeding success (Strandberg et al., 2010).
Our results show that the spring and fall migration corridors
for the Balkans subpopulation are 1.81 and 1.46 times wider
over the Sahara than for the Western Europe subpopulation,
respectively (Table 4). Suboptimal route selection, possibly due to
limited conspecific guidance because of recent rapid population
declines (Velevski et al., 2015), may result in higher mortality
rates of juvenile Egyptian Vultures from the Balkans during fall
migration when they attempt fatal sea crossings (Oppel et al.,
2015). Although the effects of different migration strategies and
route selection on Egyptian Vulture survival require further
investigation at the subpopulation level, our results suggest
that individuals from the Balkans use migration routes that
may expose them to a broader range of different threats and
migration conditions than individuals from Western Europe or
the Caucasus (Patchett et al., 2018).
FUTURE DIRECTIONS
This study provides the foundations for further investigation
into the underlying causes of variation in migration strategies of
Egyptian Vultures and the potential effects on individual survival
and fitness, and ultimately population dynamics. We encourage
future research to investigate the effects of environmental factors
on migratory movements and to evaluate whether the different
levels of anthropogenic threats encountered along the flyways
used by different subpopulations could explain differences in
population trends in breeding regions. A potential approach
to resolve such differences would be more intensive study
of resident populations of Egyptian Vultures in sub-Saharan
Africa and the Middle East, and quantification of the trade-offs
and benefits of migratory vs. resident lifestyles (Sanz-Aguilar
et al., 2015). With recent tagging of Egyptian Vultures within
wintering ranges (Buechley et al., 2018a; McGrady et al., 2018)
this may soon be possible to explore in more detail, enabling a
comprehensive comparison of movement strategies in relation
to human activity (Tucker et al., 2018). Furthermore, although
our dataset did not enable the investigation of the ontogeny of
migration in Egyptian Vultures [e.g., Scott et al. (2014)], future
analysis of movement data derived from individuals tracked
from juvenile to breeding adult status will provide a clearer
understanding of the development of migration strategies and
the variation within and among individuals as they age. Finally,
this study illustrates that broad-scale collaboration can contribute
to overcoming one of the grand challenges of migration research
by enabling the mapping of flyways at a continental scale (Bauer
et al., 2018), with the ultimate aim of informing strategies to
protect threatened species based on a sound understanding of
their movement ecology (Fraser et al., 2018; Choi et al., 2019).
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